TITLE OF THE INVENTION 
GKUUtf-lII NITRTDF. SEMICONDUCTOR STACK, METHOD OF MANUFACTURING 
THE SAME, AND GROUP-III NITRIDE SEMICONDUCTOR DEVICE 



CROSS REFEREN CE TO RELATED APPLICATIONS 
This application is baspd upon and claims the benefit of 
priority from the prior Japanese Patent Application No. 
2003- 70307, filed March 24th 2003, the entire contents of which 
are mcorporatpd herein by reference. 

FIELD OF THE INVENTION 
The present invention relates to a group-Ill nitride 
semiconductor stack having * reduced crystal defect density, 
a mftthod of manufacturing the same, and a group-TTT nitride 
semiconductor device. 

B ACKGROUND Oh' THE INVENTION 

Semiconrinrtor elements using yroup-IIi nitride 
.sPTniconductors have light-emitting and light-receiving 
capabilities for light in the range from visible to ultraviolet. 
Fart ot the semiconductor elements have been in practical use. 

Since the optical Transitions of group-Ill nitride 
semiconductor* are direct transitions, ftlgh-ef f ieiency 
radiative recombination can occur. The transition eneiyies 
thereof widely range from 2 to 6.2 eV. Gxoup-lII mrride 
semiconductors arc being developed a* high-efficiency 



liyht-eriittinq element material tor semi conductor lasers (LPs) 
and high-inf pnsity visible light-emitting elements (LEDs ) . 
Gallium nitride (GaN) semiconductors can emit light at a 
wavelength in the. ultraviolet region, as group III V compound 
semiconductors. GaN semiconductors are also considered to be 
capable of replacing existing ultraviolet light sources. 

Group-Ill nitride semiconductors are represented by the 
general formula Inl-x-yAlxGayN (0<x£l, 0£y£l, 0£x+y£;l) . This 
includes TnN, A1N, GaN, Inl-yGayN, AlxGal-xN, and Lhe like. In 
the case where only constituent elempnts are shown while 
composition ratios lx, y, and the like) are being oiuiuced, the 
series constituted by the constituent elements is represented. 
For example, lnGaN represents the series generally descxibed 
as Inl-yGayN. 

Inl-yGayN is one of group-TII nitride semiconductors. 
The hand gap energy of Inl yGayN can be changed from 3.4 eV for 
GaN to 2 eV lor InN by changing rhe In composition 1-y. 
Accordingly, TnGaN can be used for an active layer of a visible 
LED. 

Currently, an T.FD using an InGaN mixed crystal as a 
light-emitting layer has been realized. Also in an LD, laser 
oscillation has been realised in current injection. However, 
the efficiency of an LED using a oxyscal with a small In 
composition 1-y ( approximately equal to or less than O.05) as 
<an active layer is hard to increase because of Lhe difference 
in light emitting mechanism. 
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On the other hand, rhe band gap energy of an AlxGal-xN 
semi r on due tor can be changed between 3.4 eV and 6.2 eV by 
changing the Al composxtlOn x. Although AlxCal- xN 

semiconductors have potential ao ultraviolet light -emitting 
materials, it is heirtf Co obtain high-etf i ri eney light emission. 
This IS because AixGal -xN semieonductoro do not have a specific 
emission mechanism related uu In unlike xnUaN se.mi conductors . 

Group-Ill nitride semiconductors, which ore materials 
emir ring light in the range from visible to ultraviolPt, are 
greatly affected by many crysral defects existing in crystals, 
injected carriers cause non radiative recombination in the 
crystal defects. This results in the decrease in emission 
efficiency. 

for the crystal qrowth ot group-Ill nitride 
15 semiconductors, metal-organic chemical vapor deposition 
method (also referred to as MOCVD or MOVtfE) and molecular beam 
epitaxy method (MBE) are generally used. 

Hereinafter, a known typical method of growing a 
group-Ill nitride semiconductor using MOCVD will bo described. 

An ideal substrate is a favorable one for epitaxial growth 
and has a small lattice constant differenr-e and a small thermal 
expansion coefficient difference from the yioup-IIi nirride 
semiconductor. However, such d substrate material is hard to 
obtain. Accordingly, single-crystal sapphire is mostly used 
for convenience in terms of stabiliLy in a crystal growth 
atmosphere, a price, and the lake. 
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This sapphire substrate is mounted in a reactor. The 
temperature of the sapphire substrate is kept at a low 
temperature between 400 °C and 600 °C. In this otate, 
trimethylgallium (TMG) , which is organic metal, and ammonia 
5 (NH3) are supplied on the sapphire substrate using hydrogen as 
carrier gas, thus growing a GaN buffer layer. Thereafter, a 
crystal layer, e.g., a single-cxys tal GaN layer, necessary for 
the structure of an element, such as an LED, is grown. That 
is, the Temperature of the sapphire substrain lb" raised to 10UU 
10 to 1100 °C, dud ammonia and tmg are supplied on the GaN buffer 
layer, thus growing the single-crystal GaN layer. In the case 
where a single crystal having Al as a constituent element, e.g. , 
a single crystal ot AT GaN, is grown, trimethylaluminum (TMA) 
i s further added to the raw material to grow this single crystal. 
15 IIoweve-L, chls method of growing a group- III nitride 

semiconductor has a problem that many crystal defects exist in 
the CaN crystal grown on the sapphire substrate. 

One can^e thereof is strain due tu the lattice constant 
difference. Another cause tnereof is strain due to the thermal 
20 expansion difference between the sapphire substrate and the 
grown layer in the cooling process from the growth temperature 
to room temperature. ThesP crystal defects need to be reduced 
in order to manufacture a light -eiul ttmq element having high 
emission efficiency. PartlcuJarly in an element emitting 
25 ultraviolet light, educing crystal defects is an important 
subjpet. 
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A giowth method in which a patterning mask and lateral 
growth (in a rii rection perpendicular to rhe stdekinq direction) 
are combined has been mostly used. This is for reducing crystal 
defects, i.e., for preventing the propagation of dislocation 
5 from a substrate aide to a semiconductor layer grown on the 
substrate. 

This method requires a mask formation process and a total 
of two MOCVD crystal growth processes before and after the 
foregoing process. Here, one crystal growth process means a 
series of operations stating with attaching a substrate to an 
MOCVD system and ending with taking out the substrate from the 
MOCVD system to the outside after growing a crystal . As a result, 
there has been a problem that the elongation of the growth 
process time cannot be avoided end results in the increase in 
the coot of a liyht-emitting element. 

As an improvement measure for this, there is a Technology 
for reducing crystal defects in one growth process. As shown 
in Flq. 1, bufter layer 52 is grown on sapphire substrate 51 
at a low temperature between «0U °C and 500 °C. An undoped GaN 
layer 53 is epitaxiaJ 1 y grown on the buffer layer at a 
temperature between 1000 °C and 1100 -f. However, in this growth 
method, crystal defects have not been sufficiently reduced. 

In order to solve such a problem, there is a technology 
which reduces crystal defects in one growth process. This is 
a method in which the propagation of dislocation to an upper 
layer is prevented by a low- temperature deposited layer (for 
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example, refer to "Motuaki Iwaya, et al., Jpn. J. Appl. Phys. 
Vol. 37 (1998) pp. T.^l 6-L318, " hereinafter referred to «is 
"Literature 1") . 

The seuiicuxiductor stack disclospd in this literature 1 
is shnwn in Pig. 2A. Buffer layer C2 (a first low-temperaturfi 
deposited layer) made of A1N, is grown on sapphire substrate 
61 at low temperature (400 °CJ . On buffer layer 62, undoped 
GaN layer 63 is grown at high temperature (1050 °C) . On undoped 
GaN layer 63, second 1 ow-temperature depooited layer 64 made 
of AlN is grown at low temperature [400 °C) . On second 
low-temperature deposited -layer 64 , undoped CaN layer 65 is 
grown at high temperature (1050 *C) . This sr*ck can be regarded 
as a structure in which second low-temperature deposited layer 
64 is interposed between two undoped GaN layers 63 and 6b grown 
at high temperature. 

Tiiiy literature *l has reported that first and second 
1 nw- temperature deposited layers 62 and 64 havf> the effect of 
reducijiq crystal detects of GaN layer 63 regardless of whether 
tirsr and second low-temperature deposited layers 62 and 64 are 
made of AlN or GaN. Newly providing second low-temperature 
deposited layer 64 is considered important to the reduction of 
crystal defects , rather than whether thp composition is Al or 
Ga. 



SUMMARY OF THE INVENTION 
A group-Hi nitride semiconductor Stack according to an 



embodiment ot r.hft prp«;ent invention comprises a single-crystal 
substrate, a firot group-III nitride layer formed on a 
principal surface Of the single-crystal substrate, a graded 
1 ow-temperature deposited layer formed on the group-Ill nitiide 
5 layer andmade of uiLride in which group-lii element composition 
is continuous I y changed, and a second group-III nitride layer 
formed on the graded low- temperature deposited lay*»r. 

A. method ot manufacturing a group-III nitride 
semiconductor stack according to ctnuLher embodiment ot the 

10 present invention comprises forming a first group III 
nitririp layer on a principal surface of a sinqle-crystal 
oubotrate, forming d graded low-tempprature deposited layer 
m which group-Til element composition is continuously changed, 
on the first group-III nitride layer without growth 

15 interruption, and forming a second group-III nitride layex on 
the graded low-temperature deposited layer without growth 
interrupLiun. 

A group-III nitride semiconductor device according to 
another embodiment of the present invention comprioea a 

20 single-crystal substrate, an undoped group-III nitride layer 
formed on a principal surface of the single-crystal substrate, 
d graded low-temperar.urp deposited layer which is formed on the 
unrioppd group-III nitride layer end in which group-III element 
composition iy continuously changed, an n-type group-III 

2 5 nitride contact /cladding layer formed on the graded 
low-temperature deposited layer, a group-III nitride MQW active 
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layer formed on rhp retype group-Ill nitride contact/claddiny 
layer, a p-type group-Ill nitride cladding layer formed on the 
group-I3I nitride MOW acrivp layer, and a p-typc group-Ill 
nitride contact layer formed on the p-type yroup-III nitride 
cladding layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a riiagram showing a known group-Ill nitride 

semiconductor stack. 

Fiqs* 2A and 2B fl.rp a diagram of a group III nitride 

semi conductor stack obtained by improving the known group-TTT 

nitride iemiconUucior stack and a chart of a growth process fox 

realizing the same- 
Figs. 3A dud 3B are a diagram of a group-Ill nitride 

semiconductor stark according to a first embodiment of the 

present invention and a chart of a growth process for realizing 

the same. 

Fig. 4 is a graph showing ihe relationship hetween the 
film thickness and etch-pit density of a graded low temperature 
deposi tPrf layer according to the firsL embodiment ot the present 
invention. 



Fig. 5 is a graph^howing the relationship between th* 
growth substrate temperature and etch-pit density of the graded 
low-temperature deposited layer according to the first 
embodiment of the present invention. 

Fig. C is a structure diagram schematically showing a 
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typical group-ill nitride semiconductor LED. 

Fig. 7 is a diagram showing a general stack as an 
underlying layer in the typical group-IIT nitride semiconductor 
LED. 

Fig. 8i3o diagram showing a stack as an underlying layer 
in a group-Ill nitride semiconductor LED according to a second 
embodiment of the present invention. 

Fig. 9 is a graph for comparing the etch-pit density of 
the stack according to the second embodiment of the present 
invention and that of Lhe Known typiral stack. 

Fig. 10 is a diagram showing a stock in which the undoped 
GaN layer is interposed between a graded low-temperature 
deposited layer and a Si-dnped GaN layer. 

Fig. 11 is a structure diagram schematically showing a 
group -III nitride semiconductor LED according to a third 
embodiment off the present invention. 

DETAILED DESCRIPTION OF THE INV EN TION 
before embodiments will be described, the stack of Fig. 
2A and a method of stacki ng the same will be further described 
in detail. In Fig. 2B, the stales of supply of raw material 
gases and a substrate temperature are shown so as to correspond 
to the stack. of Fig. 2A. In Fig. 2D, the portions indicated 
by "growth interruption" mean that thPre is a time interval 
between the completion of growth of a lower layer and the start 
of growth of a layer thereon- 
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The growth ol each layer on the principal surface of the 
sapphire substrate of Fig. 2A is accompanied by growth 
interruption before. On buffer layer 6? formed on sapphire 
substrate 61, undoped GAN layer 63 is grown at a substrate 
temperature of 1050 °C. The supply or Ga raw material is once 
stopped (growLh interruption) . The substrate temperature is 
lowered to 400 °C, which is the growth temperature for second 
low-temperature deposited layer 64, and stabilized. 
Thereafter, Ga raw material (Til raw material in the case of 
growing AlN) is supplied again t.o grow low-tcmperature 
deposited layer 64. 

After low- temperature deposited layer b& has been grown, 
the supply of Ga raw material, which is growth raw material, 
is once stopped (growth interruption;. The substrate 
15 temperature is raised to 1050 'c, which is the growth temperature 
for an undoped KaN layer, and stabilized. Ga raw material is 
supplied again to grow undoped GaN layer 65. 

In this method, this series of crystal growth processes 
include tempera turc-lowering time in which growth is 
interrupted. At this timp, on the surface where undoped GaN 
layer 63 is exposed, the transport of Ga of group TTI and dropouts 
of M of group v occur to cause, rhe alteration of the surface. 

Moreover, on this altered undoped GaN layer 63, second 
lOW-temperature deposited ldyer 64 is grown. Thereafter, If 
growth is interrupted again and the substrate temperature is 
raised, the alteration of the surface, such as N dropouts from 
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second low-temperature deposited layer 6fl and Ga transport, 
occurs more significantly, it is difficult to grow second 
low- temperature deposited layer 64 so ds to have an even film 
thickness and be flat. 

Since dropouts of N, Ca transport, and the like 
accidents! ly occur, there is limle repeatahi lity for each lot. 
Therefore, a hlyh-reliable nndoped GaN layer having reduced 
crystal defects cannot be formed. 

Embodiments of the present invention make it possible to 
planarize a surface, control a film thicicness, improve 
repeatability, and reduce crystal defects in one crystal growth 
process. 

Hereinafter, the embodiments of the present invention 
will be described with reference to the drawings. 



(First Embodiment) 

A qroup-III nitride semiconductor stack according to a 
firsr embodiment of the present invention and a method ot 
manufacturing the same wi 1 1 be described with reference to Figs. 
20 3A co 5. 

Fig. 3A is a cross-sertional view schematically showing 
the group-TTT nitride semiconductor stack of the first 
embodiment. Fig. 3B Is a chart of a growth process for realizing 
the foregoing. The f i rst to third chares rrom the left in Fig. 
3B show the timing of supply yf respective raw material gases, 
and the first chart from the right shows a substrate temperature. 
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In Fig. 3B, the vertical axis indicates a grown film thickness 
corresponding to the stack of Fig. 3A, i.e., indicates the 
passage of growth time excluding growth interruption. The 
markings 0 of this hori ?ontal axis of Fig. 3B indicate the state 
5 where the supply of raw material is stopped, and the right side 
of 0 indicates the states of supply of raw material gases. 
Although the amount of supply increases from left to right on 
the horizontal axis, the increase and der.rease in the amount 
of supply corresponding to the substrate temperature or the 

10 growth rate are not shown. 

in the present embodiment, an MOCVD system is used for 
the crystal growth of a group-Ill nitride semiconductor. A 
sapphire substrate is used as a single-crystal substrate. 
Trimetny i gallium (TMG) ao Ga raw material, tnmethyi aluminum 

15 (TMA) ao Al raw material, and ammonia (NH3) as N raw material 
axe used. 

In thcmanufactuie of the stack of Fig. 3A, first, sapphire 
substrate 11 is mounred in the MOCVD system. TMG and NH3 arP 
supplied in the MOCVD system in the state wherp the substrate 
temper lure is kept at 500 °C. For example, TMG is supplied 
at a flow rare of 40 Dmol/min, and NH3 is supplied at a flow 
rate of 0.4 Dmol/min. Buffer layer 12 of GaN which is group-Ill 
nitride is grown on sapphire substrate 11. 

The temperature of Sdpphire substrate 11 is raised to 1100 
°c while the inside of the MOCVD system is being kepr in the 
state ot .-an ammonia atmosphere. Until the temperature of 
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sapphire substrate 11 rpaches 1100 °C, growth is interrupted. 
Thp supply of TMG allows undoped GaN layer 13, which is first 
group-Ill nitride, to be yrown on buffer layer 12. For example, 
TMG is supplied ar. a flow rate of 150 Qmol/xnin. 
5 The temperature of sapphire substrate 11 is gradually and 

continuous J y lowered from 1100 °C toward 600 °C under control. 
At the same time, the supply of TMA and the reduction Of the 
supply amount of TMG are simultaneously startprt. The flow rate 
of TMG i.s gradually reduced at a constant rate, and the flow 

10 rate of TMA is gradually increased so as to marrh the reduction 
o± TMG. For pxample, TMA is ultimately supplied at a flow rate 
of 40 Dmol/min. Thus, graded low- temperature deposi rprl layer 
14a is grown On undoped GaN layer 13. In graded low-tcmpcrature 
deposited layer l«a, the Al compos! Lion ratio x Of Alxbal-xN 

15 is gradually changed from 0 (when the substrate temperature is 
1100 °C) to 1 (when the substrate temperature is 600 Q C) . 

Aftex the temperature of sapphire substrate 11 has 
reached 600 °C, the temperature is continuously raised toward 
1100 °c under control again. At the same rimp, the flow rate 

20 of TMG 13 gradually increased at a constant rate in contrast, 
and the flow rate of TMA is gradually reduced in proportion to 
the increase of TMG. for examplp, TMG is ultimately supplied 
a flow rate of 150 Dmol/min. The Al composition ratio X IS 
gradually changed from a predetermined supply amount to 0 r and 

2 5 the Ga composition ratio 1-x is gradually changed from 0 to a 
predetermined 3upply amount. Thus, graded low-temperaturp 
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depusiied layer 14b in which the Al composition ratio x of 
AlxGal-xN is gradually changed from 1 1600 °C) to 0 (1100 °C) 
is grown. 

For example , in the case where the increase and decrease 
5 of the composition ratio x are changed along almost the same 
line as shown in Fly. 3B, the composition ratio of Al is maximum 
at r he center portion of graded low-temperature deposited layer 
14. 

Thereafter, unrioppri G«N l*ypr 1.5, which is second 

10 group-Ill nitride, is grown at the sapphire substrate 
temperature raised to 1100 W C without stopping the supply of 
TMG. Thus, the stack of Fig. 3A i3 completed. 

In Lhe above embodiment, to cite examples of the film 
thicknesses of the respective layers, buffer layer 12 haying 

15 a film thickness of 30 nm, undoped GdN layer 13 havinq a film 
thickness ot 1 Llm, graded 1 nw-remperature deposited layers 14a 
and 14b having a total film thickness of 50 nm, and undopeel GdN 
layer 15 having a film thickness ot 1 llm are formed. 

The effect of reducing a crystal defect density in the 

20 stack of the present embodiment will be continued. A known 
group-TTT nitride semiconductor stack having no graded 
low temperature deposited layei. shown in Fiq„ 1 is manufactured, 
and the comparison with this is performpri. The crystal defect 
density .is evaluated by immersing the stack in KOH heated and 

25 melted at 360 °C for Hi) ^ Pr0 nds to.etch the crystal surface. 
A method of observing etch pits (defecto) due to this etching 
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using an electron microscope to evaluate the density thereof 
is adopted. 

The observation result was 5xl0 7 (pito/cm 2 ) for the 
surface of the undoped CaN layer in the known stack of Fiy. 1, 
5 On the other hand, the observation result was 5xl0 6 (pits/cm^) 
for the surface of the undoped GaN layer of the present 
embodiiutfia . The etch-pit density was confirmed to be rpriuced 
by approximately an order of magnitude. 

This result confirmed Lhat the crystal defect density ot 
10 the surface of the undoped GaN layer is reduced in the stack 
of the present embodiment. Moreover, repealed similar 
e^pei iaiencs confirmed the repeataba 1 n ry thereof. 

The relationships with the etch pit density when the film 
thickness of qraded low-temperature deposit-pd layer 14 and the 
15 .suhsrrate temperature are individually changed in the stack of 
the present embodiment axe shown in Fiqs. 4 and 5, respectively. 

Fig. 4 IS a graph showing the relationship between the 
film thickness of the graded low-tempexaLuxe deposited layer 
and the etch-pit density. The film thickness of graded 
20 low-temperature deposited layer 14 is shown un the horizontal 
axis, and the change in the etch-pit density is shown on the 
vertical avis. The film thickness means the film thickness 
grown since the supply of TMA is started until me supply thereof 
is stopped in the growth proress chart of Fig. 3B. 
25 As apparent from Tig. 4, the etch-pit density remarkably 

increases as the film thickn^s*; increases. Graded 



15 



low-temperature deposited layer 14 is preferably formed so as 
to have a film thickness within the range of 10 ran to 70 miw 
F±q. 5 is a graph showing trie relationship between the 
substrate temperature of the graded low-tcmperature deposited 
5 layer and the etch-piu density. The substrate temperar.urp of 
the graded low-temperatnrp deposited layer is shown on the 
' horizontal axio, and the etch-pit density is shown on the 
vertical axis. The substrate temperature means the 
temperature which is the temperature at the lowest point Of 
10 temperature lowering and which corresponds to 600 °C in the 
growth prnress chart of Fig- 3B. 

As apparent from Fig. 5, the etch-pit density rpmarkably 
increases when rhp substrate temperature becomco lower than 550 
°C. The lowest substrate temperature (lowest growth 
15 temperature*) is preferably set within the range of 500 °C to 
650 °C. 

According to this first emhnriiment, graded 
J ow-tpmperature deposited layer 14 is an AlGaN layer in which 
the Al composition raLiu qradually increases trom rhp sapphire 

20 substrate 11 side along the growth direction and then gradually 
decreases. The growth thexeul is performed in a temperature 
lowering state in which thp substrate temperature gradually 
dpr.rppses or in a temperature raising state in which the 
substrate temperature qradually increases - 

25 In other words, in the stack of the present embodiment, 

graded low-temperature deposited layer 14 and undoped GaN 
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layprs 1 3 and 15 on and under graded low-temporaturc deposited 
layer 14 are formed by continuous qrowth without growth 
interruption. Since there i9 no growth interruption, the 
alteration of the exposed surface of dxopuuts of N, Ga transport 
and the lxice, does not occur particularly at high temperature 
and a flat layer can be formed- The surface of Uie 
low-teaipexdLuxe deposited layer formed thereon becomes f 1 at and 
the tilm thickness thereof is controlled. Moreover, since 
accidental dropouis u£ N, Ga transport, and the like arp 
snppr^sr.ed, the reduction of crystal defects in the undoped GaN 
layer thereon can be realized with hiqh repeatability. 

As a modification of thp present embodiment, the graded 
low-temperature deposited layer may be formed only when the 
temperature is lowered from 1100 °C to 600 °C. To make an 
evplanation with reference to Fig. 3A, this corresponds to Lhe 
case wheie only graded low-temperature deposited layer 14a is 
iormed hut graded low-temperature deposited layer 14b is not 
formed. 

in this case, wbpn the temperature is raised from 600 °c 
to 1100 °C for the growth of the nexL undoped GaN layer 15, growth 
interruption occurs. Accordingly, the err.h-pit density is 
almost doubled compared to the case where continuous growth is 
performed in both teiuptsxdLure lowering and temperature raising 
of the aforementioned embodiment. Nevertheless, the etch-pit 
density of undoped GaN layer 15 is improved coiupdx^d to the stack 
based un the method disclosed in Literature 1. 
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Although the detailed mechanism is uncertain, it can be 
inferred that the growth interruption when the temperature is 
raised from 600 °C to 1100 °C have a low degree of causing the 
alteration of the surface of the graded low- temperature 
5 deposited layer, compared ro thp growth interruption when the 
temperature is lowered from 1100 °C to 600 n C. However, in order 
to minimize the crystal defect density, it is prpfprred that 
the graded low-temperature deposited layer is continuously 
grown in both temper a ture lower inq and temperature raising. 

5 0 

(Second Embodiment) 

A group-Ill nitride semiconductor stack according to a 
second embodiment of the present invention and a method ol 
manufacturing the same will be described wi th rpfprpnee to Figs . 

15 6 to 10, The present embodiment io an example of a stack 
applicable to a qroup-ill nitride semiconductor LED. 

Fig. 6 shows a group-Ill nitride semiconductor LED 
normally adopted . Fly. 7 shows a stack as an underlying layer 
for forming light-emitting arrive layer 157 as an optical 

20 clement in the LED structure of Fig. G. Fig, 8 shows d stack 
of an underlying layer according to the present pjnhnrii ment . Fig - 
9 is a graph showing the relationship between the film thickness 
of an undoped GdN layer, which is an intermediate layer of the 
stack, and rhe surface etch-pit density. The solid line in Fig. 

25 9 represents the stack having no graded low- temperature 
deposited layer shown in Fig. 7. Thp dashed line in Fig. 9 



represents the stack having a graded low-temperature deposited 
layer of the present embodiment shown an fig. 8. fc'ig. 10 is 

a diagram showing a stack in which the undoped CaN layer io 
interposed between the graded low- tempera ture deposited layer 
and a Si-doped GaN layer. 

As shown in Fig. 6, buffer layex 152, n-GctN 
rnnract/rladrilng layer 156, InGaN multiple quantum well (MQW) 
active layer 157 # p-AlCaN cladding layer 158, and p-GaN contact 
layer 159 are stacked and formed in this order on sapphire 
substrate 151- On n-GaN contact layer 156, n side electrode 

251 is formed. On p-GaN contact layer 159, p-side electrode 

252 is formed. 

In order Lu improve light-emittlnq characteristics in 
rhis gronp-TTT nitride semiconductor LED, crystal defects in 
n-CaN contact/cladding layer 156 of the stack needs to be 
reduced. This stack is the underlying layer ot InGaN MQW arr i ve 
layer 157. 

The present inventors first manufactured the stack shown 
in Fig- 7- This stack is obtained by forming buffer layer 22 
on sapphire substrate 21 and Si-doped n-GaN layer 26 thereon 
to be used as an n-GaN conr.ar.T./r:i adding 1 ayer . This is the stack 
shown in Fig. 1 in which undoped GaN layer 53 on buffer layer 
52 is replaced by Si-doped n-uaN layer 2b. The r.arripr 
concentration of this Si-dopcd n-GaN layer 26 is set to 
3xl0 18 (cm" 3 ) , and the film r.hi cknpss thereof is set to 2 Dm. 

Whpn rhe surface of Si-doped n-GaN layer 26 of this stack 
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shown In Fig. 7 was nbsprvpri using an electron microscope or 
rhc like, flatness is relatively good f but roughness indicating 
alteration was slightly observed. 

The etch-pit density of the surface of Si-dopcd n-CaN 
5 layer 26 of this sLduk was evaluated by the same method as 
described previously. 

As a result, the etch-pit density of Si-doped n-GaN layer 
26 was 1*10 8 (pits/cm 2 ) . This is twice that of the undoped CaN 
layer under which the graded low-temperature deposited layer 

10 described in the first embodiment as not formed. Thi s Indicates 
that the etch-pit density is increased by doping with Si. This 
reveals that the improvement of emission efficiency as morp 
important in using Si-doped n-GaN layer 26 as n GaN 
contact/claddiny layer 156 in an LED, which is an actual device. 

lb Emission efficiency ran hp improved by reducing crystal defects 
in thio Si-doped n GaN layer 2C, 

Accordingly, in the stack of the present embodiment, as 
shown in Fig. 8, buffer layer 32 deposited at low temperature, 
unduped GaN layer 33, qraded low- temperature deposited layer 

20 34, and Si-doped n-GaN layer 36 as an n-CaN contact/cladding 
layer are sequentially gxuwa in this order on sapphire substrate 
31. 

In the growth process for each layer, the supply ul raw 
material and the lowering and raising of the substrate 
?*i temperature are performed according to the growth process chart 
shown in Fig. 3. Subsequently, without growth interruption, 
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Si-doped n-GaN layer 36 is grown. The growrh of this Si-doped 
n-GaN layer 36 is performed at a 3Ubstrate temperature of 1100 
°C by supplying SiH4 gas for S1 doping. 

When the surface of the stack of the present embodiment 
5 was observed using an electron microscope or the like, the 
flatness of Si-doped n-GaN layer 3fi was good, and roughness and 
the like indicating alteration were not observed. 

The etch-pit density o± the surface of Si -doped GaN layer 
36 in this stack woo evaluated by the same method as described 

10 previously. As a result, the etch-pit density of Si -rioppd n-GaN 
layer 36 is 7*10* (pits/cm 2 ) and reduced by more than an order 
of magnitude compared to the etch-piL dexisity in the case Of 
the stack shown in Fig. 7. 

Moreover, the present inventors changed the film 

15 thickness ot undoped GaN laypr 33 existing at the intermediate 
position of the stack shown in Fig. 0. In this series ol 
experiments in which the film thickness was changed, it was 
found that this undoped GaN layer 33 influcncco the crystal 
defect density of Si-doped n-GaN layer 36. The result is shown 

?0 in Fig. 9- Fig. 9 is a graph in which the film thickness of 
undoped GaN layer 33 is shown on Lhe horizontal axis and in which 
the etch-pit density of thp surface of Si-doped n-GaN layer 36 
is shown on the vertical axis. In Fig- D, the solid line 
represents Lhe case of a known stack i stack of Fig. 7), and rhP 

2b dor.rpri line represents the case of the stack of the present 
embodiment (stacK uf Fig- 8). 
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In Fig. 9, the known stack represented by the solid line 
will be described. The etch-pit density is reduced as the film 
thickness of undoped GaN 1ay*>r 76 is inrrpaspfi, and shows the 
minimum value when the film thickness is approximately 8 Dm. 
factors responsible for the f act that the etch-pit density shows 
the minimum value when the film thickness is approximately 8 
□in are uncertain. The lack of smoothness of the curve 
represented by the solid line is inferred to be caused by the 
fact that the alteration of the surface u£ Lhe stack caused by 
rhp dp M rare change in growth conditions is also shown in the 
etch-pit density distribution. 

On the other hand, in Fig. 9. the stack according rn thP 
present embodiment represented by the dotted line will be 
described. The etch-pit density shows the minimum value in the 
vicinity of 7 Dm. it can be seen that the etch-pit density is 
ieductid by more than ax; order of maqnitude compared to the known 
Stack. The smoothness of rhp curve represented by the dotted 
line is considered to be due to the fact that the alteraLiuii 
of ihe surrace does not occur and mat the etch-pit densiry 
distribution itself is reflected. Therefore/ it was proved 
thai the etch-pit density can be minimized by relatively thickly 
growing undoped GaN layer 33 to 4 to 10 dm and forming graded 
low-tcmpcrature deposited layei. 34 . 

fc'ig. 10 shows a stack in which undoped GaN layer 4 5 is 
interposed between graded low-tcmpcraturc deposited layer 44 
and Si-doped n-GaN layer 46. Buffer layer 42, undoped GaN layer 
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43, graded low-temperature deposited layer 44 , uuduped GaN 
layer 45, and Si-doped n-GaN layer 46 is grown on sapphi rp 
substrate 41. 

In the growth prnrpss for MC.h layer, the supply ot raw 
5 material and the lowering and raising of the substrate 
temperature are performed according to the growth process chart 
ohown in Fig. 3. The growth of Si-doped n-GaN layer 4 6 is 
performed at a substrate temperature of 1100 °C by supplying 
SiH4 gas for Si doping. 

!0 When the surface of this stack was observed usinq an 

elect ron mi croscope or the 1 1 Ve f the flatness of Si-doped n-GaN 
layer 40 was good, and roughness and the like indicating 
alteration were not observed. 

The etch-pit dcn3ity of the surface of Si doped n GaN 

15 layer 4 6 in this stack was evaluated by the same method as 
described previously- As a result, the effect of graded 
luw-LtempeidLure deposited layer 4 4 and Lhe ellect of the film 
thickness of undoped GaN layer 43 thereunder were obtained as 
before. The etch pit density of the surface of Si-doped n-GaN 

20 layer 4fc is the same as that ot the stank shown in Fig. R, i.p. r 
7*10 6 (pits/cm 2 ) . The etch-pit density is reduced by mace than 
an order of magnitude compared to that ot the known stack in 
which a graded low-temperature deposited layer is not 
interposed. 

?.S i n thP stark «shown in Fig. 1U, undoped GaN layer 45 is 

added to the stack shown in Fig. 0 between graded 
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low-temperature deposited layer 44 and Si-doped n-GaN layer 46- 
However/ the effect of this addition is not particularly 
observed. 

Therefore, it can be seen that undoped GaN layer 4t> does 
5 not necessarily need to bo grown next to graded low temperature 
deposited layei 44. Il is considered that this is because 
Si-cioppd n-ftaN 1*yt»r 4 6 on graded low-temperature deposited 
layer 44 has a similar effect to that of undoped <3aN layex 26 
in the known stack. This means Thar undnped GaN layer 4 5 on 

10 graded low temperature deposited layer 44 may be oitiiLLeU la Lhe 
actual manufacture of an LLD structure. 

As described previously, in the stack of the present 
embodiment, the etch-piL density, of Si-doped n-GaN layer 36 can 
be reduced to 7x10* (pits/em*) by sequentially growing buffer 

15 layer 32 , relatively thick undoped G«*N layer 33 , qraded 
iow-temperar.nrp dppnsired layer 34 , and Si-doped n-GaN layer 
36 on sapphire substrate 31. 

In the manufacture of the stack 6t the prfispnr pmbodiment , 
undoped GaN layer 33 , graded low-temperature deposited layer 

20 34, and Si-doped n-GaN layer 36 on sapphire substrate 31 are 
continuously grown without growth interruption. Therefore, 
the alteration of the exposed suxlace, i.e., dropouts of N, Cja 
transport, and tfte like, does not occur particularly at high 
temperature and the exposed surface becomes flat. The surface 

2 5 of the low— Lemper* Lure deposited layer formed r.hftrpon also 
hprnmes flat and the film thickness thereof is controlled. 
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Since accidental dropouts of N, Ca transport, and the like arc 
suppressed, the 3i-doped n-GaN layer has hiyh repeatability, 
and crystal ripfprrs arp redxiced. 

A Si-doped n GaN layer can be grown without providing cin 
5 undoped UaN layer on a graded Jow-rftmppr^tnre deposited layer. 
In the actual fabrication of a group-Ill nitride semiconductor 
LED, the process can be shortened in accordance with the 
reduction in the number of times of growth interruption. 

10 (Third embodiment) 

A third embodiment of the piesenL invention will be 
described with reference, rn Fig, 11. The present embodiment 
is an example in which the stack ao an underlying layer according 
lu Lhe second embodiment is applied to a group-Ill nitride 

IS qpiTii conductor LED. Fig. 11 is a structure diagram 
schematically shuwiuq the qroup-III nitride semiconductor LF.D 
according tn rhe third embodiment of the present invention. 

As shown in Fig. 11, in the qroup-III nitride 
semiconductor LfcID of the present emboriimpnt, buffer layer 112 , 

20 undoped GaN layer 113, graded low- temperature deposited layer 
114, n-GaN cuuLciCL/cladding layer 116, inGaN MCJW actlvp layer 
117, p-AlGaN cladding layer 118, and p GaN contact layer 119 
are stacked and formed in Lhis order on sapphire substrate 111. 
N-side electrode 711 i<? formed on n-GaN contact/cladding layer 

25 116. P-side electrode 212 is formed on p-GaN contacL layer 119. 

The qroup-III nitride semiconductor T.FD of rhe present 
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embodiment is manufactured in one growth process using an MOCVD 
system. According to the growth conditions o£ Fiys. 3A and 3B, 
tor example, sapphire subsfrafp 111 is mounted in the MOCVD 
oyctcm, and buffer layer 112 of GaN is grown at a substrate 
5 r umpprai-ii rp of S00 °C . The inside of the MOCVD system is kept 
in the state of an ammonia atmosphere. Undopcd CaN layer 113 
is qrown after the temperature of sapphire substrate ill has 

reached 1100 °C. 

The temperature of sapphire subsUdCe 111 is qradually 

10 and continuously lowered from 1100 °C toward S00 °C under control 
without growth interruption- On the other hand, the supply of 
TMA and the reduction of thp supply amount of TMG are 
simultaneously started. The flow rate of TMG is gradually 
reduced at a constant rate, and the flow rate ot TMA is gradual 1 y 

15 inrrpas^H so as to match the reduction of TMG. Graded 
low-temperature deposited layer 114 in which the Al composition 
ratio of AlxGal-xN is gradually changed from 0 (1100 °C) to 1 
(600 °C) is giuwu. Alter the temperature of sapphire substrate 
111 has rear.hftri f>00 °C, the temperature is continuously raised 

20 toward 1100 °C under control again. Al Lhe same time, the flow 
rate of TMG is gradually increased at a constant rate, and the 
flnv rate of TMA is gradually reduced so as to match the increase 
of TMG. Graded low-temperat uie Uepusiued layer 114 in which 
the Al composition ratio of AlxGal-xN is gradually changed from 

25 1 (600 °Cj to 0 (1100 °C) is formed by gradually changing the 
Al composition ratio from a predetermined supply amount to 0 
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and the Ga composition ratio from 0 to a predetermined supply 
amount. 

At the sapphire substrate temperature roiocd to 1100 °C, 
the supply of a 3i dopant is started without stopping the supply 
5 of TMG to grow Si-doped n-GaN layer 116. Thereafter , according 
to a normal stacking process of a group-Ill nitride 
semiconductor T.F.D, TnGaN MQW srrivp layer 1.1.7, p-AlGaN cladding 
layer 118, and p-GaN contact layer 119 arc otacked in this order • 
Similar to the aforementioned embodiments/ for the growth 

10 of a group-Ill nitride semiconductor, trimethylgallium (TMC) 
as Ga raw matexial, LiiiueLhylaluiuinum (TMA) as Al raw material, 
trimethyl indium (TMI) as In raw material, and ammonia as N raw 
material are used. Moreover, biscyclopeiiLadieiiylmaynesium 
(Cp2Mg) is used as p-type Mg Hnpi ng raw material, and monosilane 

15 (SiH'l) is used as n-typc Si doping raw material. 

The film thickness and composition of each layer will toe 
described in detail. Buffer layer 112 formed on sapphire 
substrate 111 havinq a thickness of 150 Dm has a thickness of 
0.03 Dm. To mention the other layers in order, undoped GaN layer 

20 113 has a thickness of 5 Dm, graded low- Lemper a cure deposited 
layer 114 in which the composition is changed ro GaN, AlxGal-xN 
(x-0 to 1), 7V1N, AlyCal-yN (y-1 to 0), and GaN in this order 
has a thickness of 0.05 Dm f n-GaN contact/cladding layer lib 
has a thickness of 3 Dm, InCaN MQW active layer 117 having a 

25 double well structure including <an Iuo.osGao.osN well layer of 
U.UU'i Urn and a GaN barripr l^ypr of 0.006 Dm has a thickness 



of 0.009 Din, p-Alo.2Gdo.8N cladding layer 118 has a thickness of 
n.ns 11m, and p-GaN contact layer 119 termed at the uppermost 
portion has a thickness of 0.15 dm. 

The resultant structure is taken out from the MOCVD system, 
5 one side portion of n-GaN contact /cladding layer 116 is removed 
fruxu the surface thereof tu the intermediate portion of the 
layer by etching. On n-GaN contact /cladding layer 116 in the 
etched and removed portion, n-side electrode 211 made of a Ti/Al 
layer is tormed. On p-GaN contact layer 119, p-sid* ^lpr.rroriP 

10 212 made of a Ni/Au layer is formed. This p side electrode 212 
is thinned so as to almost completely transmit light from the 
active layer. Thus, the. group-III nitride semiconductor LED 
la manufactured. 

When a bias was applied to this manufactured LED, 

15 ultraviolet light having an emission wavelength ul 380 xuu was 
obtained through the p-side electrode. T.ighr output at an 
operating current of 20 mA wa3 10 mW. On the other hand, for 
comparison, an LEU having the known typical structure 
(structure having no undoped CaN layer and no graded 

20 low-temperature deposited layer) shown in Fig. b was 
Tn^nnfarrnred, and light output under the same bias conditions 
was measured. As a result, the light output was 5 mW. It is 
considered that the efrect ot reducing crystal dpf<=>rr«; by the 
undoped GaN layer and the graded low -temperature deposited 

2 5 layer is to double the light output. 

In the group-III nitride semiconductor LED of the present 



embodiment, constant LED characteristics were obtained with 
high repeatability even in different production lots. This 
means that the crybidl delect, density is small and that the 
evpnnp.ss of the f i Itn thickness and the stability ot the surtace 
5 shape are in favorable states. 

The present invention is not limited to the above first 
to third embodiments but can be variously modified without 
departing from the scope of the invention ro be carried out. 
10 Fur example, though sapphire has been used for a substrate 

in the orem^nr i nnp.ri prnhnriimpnt*?, a similar effect can be 
expected if spinel (MgA1204) , 3i, 3iC, GaP, GaAs, or Lhe like 
is used. 

The composition of the graded low-temperature deposited 
15 layer has started with GaN, the ratio of Al has been gradually 
increased, and then, after the composition has become A1N, the 
ratio of Al has been gradually reduced ixi cuxiuraaL to be chanqed 
until the composition has become GaN. However, even if the 
composition at the lowest formation tempexaLuxe is an 
20 intermediate composition of AlxGal-xN (0<x<l) , crystal defects 
can be expected to be reduced. Note that, in terms of 
temperature, it is important to perform growth while lowering 
the lowest growth temperature to 500 to 6S0 °C. 

In the aforementioned embodiments, the qraded 
7 ft 1 nw-TPmpprarnre deposited layer is formed by a method in which 
one of the flow rates of the group-Ill raw material uases is 

29 



reduced and the other is increased in proportion to the film 
thickness. By reversing the direction of change at the lowest 
growth temperature, the composition has been changed almost 
linearly with the film thickness in each of two temperature 

ranges having the lowest growth temperature as a border. 
However, the composition can be changed exponentially, stepwise, 
or the 1 i Vp in each of the two temperature ranges having the 
lowest growth temperature as a border. If a change or the like 
obtained toy combining these changes is adopted, a si mi 1 ar e>ff prr 
can be obtained. 

Althouqh only one layer of graded low-temperature 
deposited layer has been formed in the stack in the 
aforementioned embodiment, a plurality of qraded 
low-temperature deposited layers may be formed. In a method 
of stacking the plurality of graded low-temperatui.e deposited 
layers , a second graded Jow-r.ftmpp.rstnrp rippn^ired layer may be 
continuously placed directly on a first graded low temperature 
deposited layer. Alternatively, an n-type or undoped liaN layer 
grown at high temperature may be grown directly on the first 
qraded low-temperature deposited layer, and the second graded 
low-temperature deposited layer may be placed thereon. 

The buffer layer does not necessarily need lo be formed. 
In this case, the first group-ill nitride layer is formed on 
the principal surface of the singlc-cryotal 3ubatrate. 

If urifeiLhylyallium for Ga, triethylaluminum for Al, 
triethylindium for In, and hydrazine or the like for N arc uocd 
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as raw material for MOCVD, a similar effect: can be expected. 

Altnough an LED has been illustrated as a semiconductor 
device in the embodiments of the prcocnt invention, the effect 
thereof can be similarly obtained in the case of an LD. 

Other embodiments of the present invention will be 
apparent to those skilled in the art from consideration of the 
qppri fi ration and prar.rirp of the invention riisr.lo^ri hprpin. 
It is intended that the specification and example embodiments 
be considered as exemplary only, with a true scope and spirit 
of the invention being indicated by the following. 
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